Abstract: Non-enzymatic DNA strand displacement is an important mechanism in dynamic DNA nanotechnology. Here we show that the large parameter space that is accessible by single-molecule FRET is ideal for the simultaneous monitoring of multiple reactants and products of DNA strand exchange reactions. We monitored the strand displacement from double-stranded DNA (dsDNA) by single-stranded DNA (ssDNA) at 37 °C; the data were modelled as a second-order reaction approaching equilibrium, with a rate constant of ca. 10 M -1 s -1 . We also followed the displacement from a DNA three-way junction (3WJ) by ssDNA. The presence of three internal mismatched bases in the middle of the invading strand did not prevent displacement from the 3WJ, but reduced the second-order rate constant by ca. 50 %. We attribute strand exchange in the dsDNA and 3WJ to a zerotoehold pathway from the blunt-ended duplex arms. The singlemolecule approach demonstrated here will be useful for studying complex DNA networks.
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Nucleic acids can be employed as programmable nanostructural materials, taking advantage of Watson-Crick pairing. [1] By controlling the kinetics of base-pairing interactions, dynamic DNA nanosystems have been designed. [2] Dynamic control commonly utilizes toehold-mediated strand displacement, whereby a dsDNA with a short ssDNA overhang on one strand acts as the substrate for another ssDNA (the invader, which is complementary to the substrate); binding to the toehold and subsequent branch migration leads to strand displacement. [3] The kinetics of strand displacement in this three-way branch migration is dependent upon toehold length and is thought to be controlled by secondary structure at the branch migration junction and the relative rates of branch migration and base pair fraying. [4] As the complexity of DNA networks increases, it will become increasingly important to monitor these heterogeneous and dynamic systems. A common method for studying DNA strand displacement is ensemble fluorescence spectroscopy. [5] In spite of the success and utility of bulk methods, single-molecule techniques offer distinct advantages, by avoiding the problems inherent in ensemble averaging. [6] For example, single-molecule Förster resonance energy transfer (smFRET) is well suited to the probing of nanoscale structure and dynamics. [7] There are now several examples of its application to DNA nanotechnology. [8] [9] In this work, we use smFRET to probe DNA strand displacement from either a blunt-ended double-stranded DNA (dsDNA) or a DNA three-way junction via invasion by a singlestranded DNA (ssDNA). We measure smFRET using multiparameter fluorescence detection (MFD). MFD, pioneered by Seidel and co-workers, is a particularly powerful single-molecule fluorescence approach that is able to resolve multiple subpopulations in solution.
[7b] By using pulsed laser excitation, and photon-counting detection and splitting the fluorescence according to polarization and color, all of the fluorescence properties are accessible at the single-molecule level. MFD has primarily been used in conjunction with FRET for probing biomolecular structure and dynamics.
[10] Although less widely used, the extensive parameter space of MFD offers the possibility to resolve a large number of different sub-populations in a single sample. A notable demonstration of its analytical capabilities was the resolution of 16 different compounds in a solution mixture. [11] Here, we use MFD to follow strand exchange reactions via the unambiguous FRET signatures of the reactants and products as a function of time. Our FRET-based approach is illustrated in Scheme 1. For the dsDNA, a pre-annealed 30bp duplex was labelled with a FRET donor (Alexa488) on one strand, and an acceptor dye (Cy5) on the other such that the dye-dye distance was short (12 base pairs), resulting in high FRET (Scheme 1a). This was mixed with a ssDNA that had an identical sequence to the Cy5-labeled strand in the duplex (black) but in which the Cy5 was in a different location. This ssDNA takes the role of the invader in the stranddisplacement model. If strand displacement occurs, the duplex has the dyes farther apart, resulting in low FRET. The experiment involved incubating the pre-formed dsDNA (~0.6 μM) with a sixfold excess of the ssDNA strand (Tris buffer, pH 7.5, 10 mM MgCl2) at 37 °C for up to 24 hours (see SI for DNA sequences and full details of sample preparation). After incubation, the solution was diluted in buffer to the single-molecule level (ca. pM) and measured at 21 °C using MFD. Our MFD system uses a confocal microscope with pulsed laser excitation and four-channel photon-counting detection.
[10d] The single-molecule FRET data ( Figure 1 ) are plotted as 2D burstfrequency histograms of the ratio of the burst intensities in the green detection channels (SG) for donor and red detection channels (SR) for acceptor, SG/SR, or donor anisotropy (rD) versus donor lifetime (tD(A)). All plots contain a donor-only population with lifetime of ca. 4 ns, together with other populations of FRET-active molecules; FRET species have a decreased donor lifetime/intensity and increased acceptor intensity. In the absence of the invader strand the duplex population is clearly visible as the high-FRET population (Figure 1a) . Incubation of the dsDNA at 37 °C caused strand displacement as shown by the appearance of a low-FRET population (Figure 1b) . By measuring the numbers of molecules in each population, we calculated the fraction of displaced strands over a period of 24 hours (Figure 2) . We model the kinetics of strand displacement as two second order reactions, which approach equilibrium exponentially (see SI for details). A plot of displacement vs time fitted well to such a model (Figure 2) , giving a second-order rate constant of 10 ± 2 M -1 s -1 for the reaction of the dsDNA with the fully-complementary invader strand at 37 °C. From the fit, the equilibrium displacement is calculated as 85%, which is in excellent agreement with the ca. 86% displacement expected for the 1:6 ratio of the two acceptors strands. Therefore, the reaction had almost reached equlibrium after 24 hours, when the displacement was 83 ± 1 %. We attribute the displacement to a blunt-end, zero-toehold mechanism. It is known that this occurs for dsDNA through reaction of unpaired bases [12] that are exposed at the end of a duplex due to DNA fraying. [13] Initial fraying from either the 3' or 5'
end of the displaced strand acts as a site for invasion, followed by three-way branch migration. The rates we report are similar to those reported earlier for blunt-ended DNA duplexes. [4, 12a] Zerotoehold reactions are important as side reactions (or leakage), which can limit the programmability of complex dynamic DNA networks and circuits that utilize strand displacement. [14] , [15] Our experiment involved reacting the dsDNA and invader strand at the micromolar level for 24h and then quenching the displacement reaction by diluting to picomolar concentrations at room temperature, followed by measurement at times up to several hours later; the cooling and dilution ensured that the reaction stopped. Since branch migration is believed to occur with a step time of ca. 10-100 µs, [4] we would not expect to observe any branch migration intermediates, in agreement with our singlemolecule data. We also applied the same approach discussed for dsDNA to a branched DNA nanostructure, a 3WJ (Scheme 1b). Three-and four-way junctions are among the archetypal building blocks of DNA nanoscience, [16] and play important roles in vivo. [17] We recently used smFRET to probe the structure of a three-way junction (3WJ) [18] and found that there were unpaired bases at the branchpoint of a fully-complementary 3WJ, resulting in a nanoscale cavity. [18] [19] This supported earlier accounts that 3WJs could bind supramolecular complexes at the branchpoint. [20] It also agreed with chemical footprinting experiments, which demonstrated that thymine bases at the 3WJ branchpoint were reactive to osmium tetroxide, [21] and to diethyl pyrocarbonate. [22] 10.1002/cphc.201800012
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ChemPhysChem This article is protected by copyright. All rights reserved. Two strands of an immobile 3WJ were labeled with either a donor (Alexa488) or acceptor dye (Cy5). This was mixed with a ssDNA (red) that was complementary to the unlabeled strand of the 3WJ (blue). The products of strand displacement would be unlabeled dsDNA and a two-stranded forked DNA molecule (2SF). The 3WJ studied here has been reported previously by us, [19] and consists of three 50mer strands designed to form a fully-complementary 3WJ after annealing (see Figure S1 ). The experiment involved incubating the pre-formed 3WJ (~0.6 μM) with a six-fold excess of a 50mer ssDNA strand (Tris buffer, pH 7.5, 10 mM MgCl2) at 37 °C for up to 24 hours. Two 50mer strands were studied: one strand had full complementarity with one of the 3WJ strands, while a second 50mer was mismatched with the 3WJ strand at three bases at the branchpoint. MFD data for the 3WJ and the target product (the 2SF) are shown in Figures 3a and 3b , respectively. The dyes are attached to ssDNA in the 2SF, which means that they are in closer proximity than in the 3WJ, resulting in a large increase in FRET. After incubating the mixture of the 3WJ with the fullycomplementary ssDNA at 37 °C for 24h (Figure 3c ) we observed two FRET populations that matched exactly those of the control samples of 3WJ and 2SF. The fraction of displaced strands after 24 hours was 26 ± 5 %. After repeating this experiment using the mismatched strand, we observed the same two FRET populations (Figure 3d ), but this time the fraction displaced after 24 hours was reduced to 13 ± 2 %. The fraction of displaced molecules as a function of time is shown in Figure S2 . Unlike the dsDNA reaction, the forward and backwards reactions are no longer equivalent. We heated reaction mixtures to 90°C and measured after cooling to 21 °C. For the fully-complementary ssDNA, all of the 3WJ was converted to 2SF; for the partially-complementary ssDNA, only a small 3WJ population remained ( Figure S3 ). This shows that reaction is far from equilibrium after 24 hours at 37 °C.
We used NUPACK [23] to estimate the free energies of reactants and products (see Figures S4-8 and Table S1 ). The calculations suggest that the products (dsDNA and 2SF) are strongly thermodynamically favoured when the ssDNA is fullycomplementary but slightly disfavoured when the partiallycomplementary ssDNA is used. This is in broad agreement with our MFD data, given the simplification of our kinetic scheme. NUPACK also predicts that secondary structures can form for 2SF (Fig. S6 ). This agrees with the very broad 2SF population (c.f. the narrow high-FRET distribution for dsDNA in Fig. 1a) , which is indicative of structural heterogeneity. Based on the MFD data and NUPACK calculations, the reaction of 3WJ and ssDNA at 37 °C is likely to be more complex than that of dsDNA and ssDNA. However, we found that it could be reasonably approximated as an irreversible second-order reaction (Figure 4) . The rate constant for the reaction of the fullycomplementary ssDNA and 3WJ was 1 ± 0.1 M -1 s -1 , which is an order of magnitude smaller than that calculated for the dsDNA. The rate constant for the mismatched ssDNA and 3WJ was reduced by half (0.5 ± 0.1 M -1 s -1 ) compared with the fullycomplementary ssDNA. We had speculated that the bases at the branchpoint of the 3WJ might be accessible as an internal toehold by a complementary DNA strand in a sequence-dependent manner, leading to branch migration and strand displacement. However, since toehold-mediated strand displacement can be faster by a factor of up to 10 6 , [4] [5] and since this rate should be very sensitive to losing three bases of the toehold (i.e. in the 10.1002/cphc.201800012
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mismatched ssDNA) we believe that a zero-toehold mechanism predominates. Nevertheless, three mismatched bases in the ssDNA might be expected to impede the branch migration process. It is known that mismatches in the toehold region can have a large effect on the rate of strand displacement [24] and even a single mismatched internal base can be enough to significantly slow branch migration.
[24b] However, this effect was shown to weaken the further the mismatch was from the toehold, being negligible after 14 bases.
[24b] It has also been reported that up to 4 contiguous internal mismatches were required to significantly slow three-way branch migration in dsDNA. [25] The mismatched bases in the 3WJ studied here are 24 or 25 bases away from the blunt-end of the duplex where the reaction initiates. Since we believe that the bases at the 3WJ branchpoint are, at least transiently, unpaired, [18] [19] mismatches at the branchpoint should be even less of a barrier. Assuming each branch migration step takes the same average time, then we would expect the rate to scale with 1/N, where N is the number of base pairs (30 for the dsDNA and 50 for the 3WJ). [4] This alone does not account for the order of magnitude difference in second-order rate constants for the reaction of dsDNA and 3WJ. As discussed, zero-toehold exchange involves fraying of base pairs at the blunt end. Even a single toehold can account for ca. an order of magnitude increase in rate. [26] NUPACK estimated the probability of opening of the end basepairs in question for the 3WJ as 0.77 (GC) and 0.48 (AT), while for the dsDNA these were 0.51 (AT) and 0.22 (AT). One AT basepair in each structure has a similar opening probability while the other basepair in the 3WJ is 3.5 times more likely to be closed than in the dsDNA. The increased availability of the toehold on dsDNA, along with its shorter length can account for the difference in rate constants. This work demonstrates the ability of multi-parameter smFRET to probe the reaction pathways and rates of dynamic DNA systems. We studied zero-toehold displacement, an important leakage pathway. Monitoring multiple species simultaneously is a powerful approach and we anticipate that this will be used in future to probe more complex DNA networks, taking full advantage of the large parameter space available.
